The alternative oxidase is a non-proton motive 'alternative' to electron transport through the cytochrome pathway. Despite its wasteful nature in terms of energy conservation, the pathway is likely present throughout the plant kingdom and appears to be expressed in most plant tissues. A small alternative oxidase gene family exists, the members of which are differentially expressed in response to environmental, developmental and other cell signals. The alternative oxidase enzyme possesses tight biochemical regulatory properties that determine its ability to compete with the cytochrome pathway for
Introduction
Respiration provides carbon intermediates and energy for growth and maintenance. In general, about 40-50% of the net carbon gain by plant photosynthesis are ultimately lost from the plant through respiratory pathways (Gifford et al. 1984) . However, our understanding of the quantitative relation between growth and respiration is incomplete. One outstanding problem is uncertainty about the degree to which respiratory carbon loss is coupled to energy production since non-energy conserving respiratory pathways may be operative. In plants, a prominent example of such a pathway is found in the mitochondrial electron transport chain (ETC).
In plants, the ETC supporting oxidative phosphorylation branches at ubiquinone (Q). Electrons flow from reduced ubiquinone (Q r , ubiquinol) through the cytochrome (cyt) pathway or to alternative oxidase (AOX). Electron flow from Q r to AOX is not coupled to the generation of proton motive force, hence bypassing two of the three sites of energy conservation which otherwise support oxidative phosphorylation. Recent reviews on Abbreviations -AOX, alternative oxidase; cyt, cytochrome; ETC, electron transport chain; Q, ubiquinone; Q r , ubiquinol. Physiol. Plant. 116, 2002 135 electrons. Studies show that alternative oxidase can be a prominent component of total respiration in important crop species. All these characteristics suggest this pathway plays an important role in metabolism and/or other aspects of cell physiology. This brief review is an introduction to experimental methods and approaches applicable to different areas of alternative oxidase research. We hope it provides a framework for further investigation of this fascinating component of primary plant metabolism.
AOX include Simons and Lambers (1999) and Vanlerberghe and Ordog (2002) .
AOX was long recognized as a CN-resistant component of oxygen consumption and was described as a dominant component of respiration in thermogenic inflorescences (Meeuse 1975) . Eventually, partial purification of the protein allowed the isolation of a monoclonal antibody (Elthon et al. 1989) , which was then used to isolate a nuclear gene (Rhoads and McIntosh 1991) . This led to the identification of AOX gene families (Whelan et al. 1996) and development of transgenic plants with altered levels of AOX (Vanlerberghe et al. 1994) . Concurrent progress included an increased understanding of biochemical mechanisms regulating AOX activity (Millar et al. 1993; Umbach and Siedow 1993) and elucidation of a structural model for AOX (Andersson and Nordlund 1999) . As our understanding of AOX has developed at the biochemical and molecular level, so too have hypotheses as to why all plants investigated to date possess this pathway, given that its role in thermogenesis is limited only to the specialized tissues of a few plants. In this regard, it is hypothesized that AOX may have direct roles in energy and carbon metabolism (Simons and Lambers 1999) as well as other less obvious roles in cellular physiology (Purvis and Shewfelt 1993) .
Despite the progress described above, fundamental questions about AOX respiration remain and important new questions have arisen: (1) What is the actual partitioning of electrons to this pathway in different tissues in vivo and under a range of environmental and cellular conditions? (2) What is the impact of this respiration on the carbon economy and growth of the plant? (3) What are the critical factors determining the partitioning of electrons to AOX? (4) What is the significance of different AOX gene family members? (5) What role(s) does AOX play in cellular metabolism and other aspects of cell physiology and development?
This brief article is an introduction to methodology applicable to different areas of AOX research. It has not been our intent to provide detailed experimental protocols, but rather to provide a framework of methods and approaches that might be used to address questions such as those posed above.
Assessing AOX distribution
It is widely accepted that AOX is present throughout the plant kingdom. A comprehensive survey of the literature and gene databases indicated that AOX has been widely reported in the angiosperms (within 27 of 52 orders, Table  1 ). For most species, such reports are still based primarily upon showing the presence of some oxygen uptake resistant to a cyt pathway inhibitor and sensitive to an AOX inhibitor. Relatively few species have been studied in greater detail to corroborate such findings. Outside of the angiosperms, very little information is available (data not shown) although inhibitor studies do indicate that AOX respiration is likely widespread in gymnosperms (Weger and Guy 1991) and a bryophyte AOX gene is present in GenBank (accession .AW561656).
AOX has been studied in detail in species such as Arabidopsis thaliana, Glycine max, Nicotiana tabacum, Oryza sativa, Pisum sativum, Sauromatum guttatum and Zea mays. Such studies have confirmed the widespread occurrence of AOX and provided valuable biochemical and molecular information. Study of a broader range of species and families may provide other useful information such as whether AOX respiration is most prevalent for plants native to particular climatic regions. A detailed comparison of the respiratory network of species with high levels of AOX versus species with low levels of AOX would also be useful. Such studies could provide needed insight into the physiological role of AOX.
Based on our literature survey, a plant-like AOX is also widespread in the kingdoms Protista and Fungi (data not shown). Again, extensive study has been limited to a few species including Trypanosoma brucei brucei (Chaudhuri and Hill 1996) , Chlamydomonas reinhardtii (Dinant et al. 2001) and Hansenula anomala Physiol. Plant. 116, 2002 136 (Sakajo et al. 1991) . Significantly, AOX appears widespread in phytoplankton (Eriksen and Lewitus 1999, Luz et al. 2002) .
Assessing AOX abundance
The abundance of AOX in particular species and tissues and under particular growth conditions is best examined by a combination of assays including AOX transcript level, protein level and maximum activity or 'capacity'.
Transcript level
An examination of transcript level is obviously an indirect means to examine AOX abundance, but can be useful, particularly as a sensitive measure of how AOX gene expression may be changing in response to an experimental treatment. An example of this approach is a study of changes in AOX mRNA in Arabidopsis in response to inhibitors of electron transport or ATP synthesis (Saisho et al. 2001) .
It has been shown for several plant species that AOX is encoded by a multigene family. In soybean (with three genes) and Arabidopsis (with four genes), gene family members encode proteins of similar size and with a high level of sequence similarity (Whelan et al. 1996 . In many cases, it may be advantageous or necessary to distinguish the different transcripts for AOX gene family members. For this purpose, Saisho et al. (1997) showed that the 5ƒ-untranslated regions, which were not highly conserved amongst the different gene family members, could be used as copy-specific probes for standard Northern analysis.
For some AOX gene family members, Northern analysis has been insufficient for detection of transcript. In these cases, RT-PCR using gene-specific primers has shown that all the known AOX gene family members in Arabidopsis and soybean are expressed in developmentspecific, tissue-specific and stress-specific manners (Finnegan et al. 1997 . In soybean, a competitive RT-PCR assay was also used as a semi-quantitative measure of the different AOX transcripts (Finnegan et al. 1997) .
Protein level
A monoclonal antibody raised against S. guttatum AOX has proven invaluable for the estimation of AOX abundance in a wide range of species and tissues (Elthon et al. 1989 ). The antibody-binding site has been localized to a sequence that is almost completely conserved amongst plant AOX proteins (Finnegan et al. 1999) . Most often, isolation of mitochondria is followed by standard SDS-PAGE and immunoblotting techniques (Vanlerberghe et al. 1998) . In some cases it has been shown that whole cell protein extracts may be used, particularly if this is combined with a sensitive chemiluminescent detection system (Millar et al. 1998) . Such an approach may be more feasible for root than leaf samples. Often, multiple (2-3) AOX polypeptides of similar size are visible after immunodetection. In soybean, N-ter- Number of species in this group where AOX has been identified by at least one of the criteria outlined below. Data are based upon an extensive survey of the primary literature and gene databases (up to May, 2002) and are current to the best of our knowledge. The species indicated is amongst those for which AOX has been most rigorously identified in this group. The number in brackets refers to the criteria used for identification of AOX.
(1) Indicates that AOX has been identified solely on the basis of inhibitor data and in some cases, oxygen isotope discrimination data. (2) Indicates that AOX has been further identified by cross-reactivity with a monoclonal antibody raised against S. guttatum AOX. (3) Indicates that AOX has been further identified by isolation of an AOX gene(s). Hence, higher numbers generally reflect more rigorous identification. Note that, in some cases, the only information available was the presence of a sequence in GenBank. Note also that thermogenesis alone (usually in floral organs) has not been used here as a sufficient criteria, in itself, for AOX identification. Physiol. Plant. 116, 2002 minal sequencing has shown that these polypeptides represent distinct AOX gene family members (Finnegan et al. 1997) . The monoclonal antibody has also been successfully applied in AOX localization studies using tissue-print immunoblotting (Conley and Hanson 1994, Hilal et al. 1998) .
AOX capacity
The maximum AOX activity (often called AOX capacity) of a plant cell or tissue is an estimate of the maximum possible flux of electrons to AOX. In general, it is measured by the addition of a cyt pathway inhibitor (such as CN) followed by the addition of an AOX inhibitor, such as salicylhydroxamic acid or n-propyl gallate. Then, capacity is generally defined as the O 2 uptake resistant to the cyt pathway inhibitor and sensitive to the AOX inhibitor (Møller et al. 1988) . Depending upon the system, exogenous respiratory substrates and/or uncouplers may also be used to ensure that respiration is not limited by substrate supply or adenylate control. The measured AOX capacity is probably most often dependent upon AOX protein level but could also be dependent upon other limiting components in respiration, particularly if AOX protein levels are high. It should always be kept in mind that AOX capacity does not give any indication of the actual flux of electrons to AOX in the cell prior to the introduction of inhibitor. Care must be taken to minimize potential problems with the use of cyt pathway and AOX inhibitors. Nonspecific effects of these inhibitors on oxygen consumption and other potential problems have been extensively discussed (Møller et al. 1988) . In general, inhibitors should be used at low concentrations and only for relatively short-term (minutes) assays.
The above approach can also be used to measure AOX capacity in isolated mitochondria and this will minimize any potential inhibitor problems. However, steps must be taken to ensure maximal AOX activity in such assays. First, it may be necessary to provide a suite of mitochondrial substrates to maximize Q r . Second, pyruvate (or another suitable a-keto acid) and a reductant (such as dithiothreitol or b-mercaptoethanol) should be present to ensure that biochemical mechanisms regulating AOX activity have been activated (see later). In some cases, the reductant requirement can be met by particular TCA cycle substrate oxidations but this must be evaluated carefully (Vanlerberghe et al. 1995) . The importance of pyruvate and reductant to ensure maximum in organello AOX activity has only been known since approximately 1993, hence, earlier work must be evaluated cautiously. Other reviews provide general information for isolation and assay of intact functional mitochondria (and other related techniques) from a range of plant tissues (Douce et al. 1987 , Millar et al. 2001a ).
Assessing AOX activity or 'engagement'
To fully understand the physiological role and importance of AOX respiration, we must be able to reliably Physiol. Plant. 116, 2002 138 estimate the actual flux of electrons to this pathway under physiological conditions. This measure has often been referred to as AOX engagement and is much more difficult to determine than AOX capacity.
An approach to measure AOX engagement that was widely used in the past assumed that AOX respiration only occurred once the cyt path was saturated with electrons. Given this assumption, AOX engagement could be evaluated simply by the ability of an AOX inhibitor to decrease O 2 uptake in the absence of a cyt path inhibitor (Møller et al. 1988) . It is now accepted that AOX can actually compete with an unsaturated cyt path for electrons (Hoefnagel et al. 1995 , Ribas-Carbo et al. 1995a . If AOX respiration is inhibited under these conditions, electrons are diverted to the cyt path and support O 2 uptake. Hence, the inhibitor approach could systematically underestimate AOX engagement or even indicate a lack of engagement under conditions in which it was, indeed, engaged. Hence, the inhibitor approach can at best only give an indication that some level of engagement was present in a tissue. More discussion of these points is found elsewhere . It is only since the mid-1990s that there has been widespread appreciation that AOX can compete with the cyt path for electrons and that this has serious implications for the use of inhibitors to quantify AOX engagement. Older literature using the inhibitor method should therefore be evaluated cautiously.
At present, the most reliable means to measure engagement is an oxygen isotope discrimination technique originally developed by Guy et al. (1989) . This non-invasive method is based on the observation that AOX and cyt oxidase discriminate to different extents against heavy O 2 ( 18 O 16 O). Tissue is placed in a leak-tight reaction vessel from which gas samples can be withdrawn at regular intervals as oxygen is consumed by respiration. To determine discrimination, both the oxygen concentration and its isotopic ratio are then determined for each sample. Both gas-phase (for use with whole plant tissue) and aqueous phase (for use with mitochondria or cell culture) systems connected online to a gas chromatography-mass spectrometry unit have been used for this purpose (Robinson et al. 1995) . Simple off-line systems for sampling have also been developed, which should allow this method to be more widely utilized (Nagel et al. 2001) . In order to calculate partitioning between AOX and the cyt path, the discrimination value obtained from the respiring tissue is compared with end-point discrimination values for AOX and cyt oxidase. These endpoint discrimination values are determined separately for each pathway after chemical inhibition of the other pathway. Reviews on the oxygen isotope discrimination technique include Robinson et al. (1995) and Henry et al. (1999) .
Examples of the use of the isotope discrimination technique include studies examining the effects of temperature (Gonzalez-Meler et al. 1999) , light (Ribas-Carbo et al. 2000) and pathogen attack . The technique has also been used to examine the regulation of electron partitioning to AOX in both isolated mitochondria (Ribas-Carbo et al. 1995a and whole tissue (Millenaar et al. 2002) . Significantly, the isotope discrimination studies have shown that AOX activity can be a prominent component of plant respiration (see for example Millar et al. 1998 ) and that AOX is likely widespread and quantitatively important in aquatic systems (Luz et al. 2002) .
Assessing factors impacting AOX engagement
An important goal of AOX research is to understand the factors that determine the partitioning of electrons between AOX and the cyt path. A critical analysis of this problem may require that a diverse range of potential factors be considered, as illustrated by the work of Ribas-Carbo et al. (1997) and Millar et al. (1998) .
AOX abundance
Obviously, AOX abundance determines the maximum potential flux of electrons to AOX (see above). However, it is unclear to what extent active regulation of AOX abundance (i.e. gene expression) may be used to regulate the partitioning of electrons to AOX. In some species (such as soybean), AOX is usually abundant, while in other species (such as tobacco) there is comparatively little AOX protein, although protein level can be dramatically induced under particular conditions. Interestingly, it has been shown that overexpression of AOX in transgenic tobacco does not necessarily impact partitioning ( RD Guy and GC Vanlerberghe, unpublished) , suggesting that partitioning is primarily determined by post-translational mechanisms, some of which can be evaluated as described below.
Substrate concentration
The common substrate of the cyt path and AOX is Q r ; hence, the absolute concentration of Q r and/or the redox poise of the Q pool (i.e. Q r /Q total ) could be an important factor determining the partitioning of electrons between the two paths. Methods have thus been developed to investigate the Q pool in both isolated mitochondria and intact tissues.
An important development for use with isolated mitochondria was a voltametric technique that allows simultaneous measurements of the redox poise of Q and oxygen uptake by AOX (Moore et al. 1988) . Mitochondria are suspended in a reaction chamber fitted with both a standard oxygen electrode and a combination of glassy carbon, platinum and reference electrodes that measure the redox status of mediator quinones added to the reaction medium. The measured redox poise of these quinones then reflects the redox state of the endogenous Q in the mitochondrial inner membrane. Usually, different steady-state Q redox states are achieved by titrating the rate of succinate oxidation using malonate. There are some limitations to the voltametric technique as discussed elsewhere (Ribas-Carbo et al. 1995b) . Another method that can also be used in conjunction with mito- Physiol. Plant. 116, 2002 139 chondrial assays is to do a rapid organic extraction of Q followed by separation and quantification by HPLC (Ribas-Carbo et al. 1995b ). The advantage of using isolated mitochondria (with either of the above two approaches) is that mitochondrial metabolism and the Q pool can be readily manipulated so that AOX activity can be evaluated under a range of respiratory conditions.
Organic extraction and HPLC can also be used to examine the Q pool in intact cells and tissues, with the advantage that the mitochondria are under physiological conditions Wagner 1995, Millar et al. 1998 ). In general, such studies have indicated that the redox poise of Q remains remarkably constant over a wide range of respiration rates and levels of AOX engagement. This suggests that engagement may be primarily dependent upon other factors.
Biochemical regulation
In 1993, two findings indicated that AOX possesses tight biochemical regulatory properties. First, it was shown that AOX exists as a homodimer, the subunits of which are linked in a reversible manner by a disulphide bond (Umbach and Siedow 1993) . The 'oxidized' form of AOX displays little activity, while conversion to the reduced form produces an active enzyme. The relative abundance of the oxidized and reduced forms can be evaluated by a combination of reducing and non-reducing SDS-PAGE and immunoblot analysis (Umbach and Siedow 1993) . The two forms can also be readily interconverted using artificial reagents (diamide, dithiothreitol). It was also established that reduction can occur quickly in response to mitochondrial metabolism ( Vanlerberghe et al. 1995) . The Cys residue responsible for this redox regulation was determined using site-directed mutagenesis (Vanlerberghe et al. 1998 ). The second form of biochemical regulation described was that high AOX activity is dependent upon activation of the enzyme by particular a-keto acids, most notably pyruvate, but also including glyoxylate, hydroxypyruvate and 2-oxoglutarate (Millar et al. 1993) . Activation is dependent upon interaction of pyruvate with the sulphydryl group of the same Cys residue responsible for the redox regulation (Rhoads et al. 1998) .
While the importance of the above regulatory mechanisms have been well characterized in organello, their importance in regulating engagement in vivo is much more difficult to evaluate. The regulatory mechanisms suggest that pyruvate concentration in the mitochondrial matrix as well as matrix redox state control AOX engagement. No experimental approaches to readily manipulate and measure these matrix parameters (and their simultaneous effects on engagement) in vivo have been reported. One approach to establishing the importance of these mechanisms in vivo will be to generate transgenic plants expressing mutated AOX proteins with altered in organello regulatory properties (see above). The effect of these alterations on AOX engagement could then be directly evaluated in planta.
The AOX regulatory properties should be evaluated (at least in organello) if using a species or tissue in which they are not previously characterized. Examples of such characterization include that done in tobacco (Vanlerberghe et al. 1995) , Arabidopsis (Rhoads et al. 1998 ) and soybean (Hoefnagel et al. 1995) . Beside species differences, different AOX gene family members may have different regulatory properties. The potential for heterodimers with altered regulatory properties also exists. These possibilities have not been extensively examined.
The study of AOX regulatory properties would be aided by purification of active enzyme. In general, purification has been greatly hampered by the instability of AOX after solubilization. Hence, it is best to start with tissue that contains abundant levels of AOX and to isolate mitochondria as a first step in the procedure. The detergent used for solubilization is critical and most recent success has come from the use of deoxy Big CHAP (Berthold and Siedow 1993, Zhang et al. 1996) . AOX activity is measured as duroquinol oxidation monitored using either an O 2 electrode or spectrophotometer. A recent purification scheme that included pyruvate in the isolation medium yielded a more stable enzyme (Zhang et al. 1996) . This allowed for a partial purification and analysis of regulatory properties. Study of AOX regulatory and structural properties will also be aided by the development of systems for heterologous expression of plant AOX in Escherichia coli (Rhoads et al. 1998 ) andSchizosaccharomyces pombe (Albury et al. 1996) .
Changes in Cyt pathway function
In some cases, changes in the partitioning of electrons to AOX may be primarily due to changes in the capacity of cyt pathway component(s) downstream of Q. These components include cyt c reductase, cyt c and cyt oxidase. Cyt oxidase assays exist that use either whole tissue extracts or isolated mitochondria as the starting material and monitor activity using either an O 2 electrode or spectrophotometer Wagner 1995, Millar et al. 1998) . Approaches are also available to evaluate cyt c reductase activity in plants (Braun and Schmitz 1995) . Recently, a commercially available antibody has proved useful for quantification of cyt c from a variety of plant sources (Balk and Leaver 2001) .
Assessing the physiological role of AOX respiration
The prevalence of AOX respiration in the plant kingdom indicates that this pathway plays an important role in metabolism and/or other aspects of cell physiology. The presence of an AOX with sophisticated biochemical regulatory properties provides the cell potential mechanisms to: (1) modulate the rate of ATP production; (2) maintain electron transport under conditions when downstream electron transport in the cyt path is limited; and (3) modulate the reduction state of ETC components, thus controlling the rate of generation of reactive oxygen species (Purvis and Shewfelt 1993, Simons and Lambers 1999) . While 'paper biochemistry' tells us that Physiol. Plant. 116, 2002 140 these are potential important activities of AOX respiration, establishing the real significance of these activities at the cell and whole plant level and under different environmental and cellular conditions is challenging and requires a range of experimental approaches.
Different tissues and growth conditions
One valuable means to assess the physiological role of AOX respiration is to establish the growth conditions and cell types or tissues in which AOX is both abundant and active. Table 2 is a sample of conditions (developmental, environmental and metabolic) in which AOX abundance and/or engagement has been commonly shown to fluctuate. Clearly, AOX responds to an array of conditions suggesting that it may play several different physiological roles or that it plays a general role applicable to many different conditions. Given such studies, it seems imperative that research on AOX be performed under well-defined and controlled conditions so that AOX abundance and activity are as predictable as possible.
Reverse genetic approaches
Reverse genetic techniques to isolate mutants corresponding to known sequences have become important tools to establish the physiological role of enzymes in plant metabolism. Several approaches are available to obtain loss-of-function or reduction-of-function mutants. These include using T-DNA or transposon insertion libraries to screen for 'knockouts', antisense suppression, co-suppression and RNA interference (Stitt and Sonnewald 1995 , Waterhouse et al. 1998 , Sussman et al. 2000 . Each of these methods has particular advantages and limitations, so choice of method should be considered carefully. Since AOX is encoded by a family Vanlerberghe and McIntosh (1996) Mitochondrial/Respirat- Saisho et al. (2001) ory Dysfunction of closely related genes, a method that might target all these genes (such as antisense suppression or RNA interference) might be advantageous. On the other hand, the physiological role of individual gene family members will probably only be determined if a gene-specific technique such as an insertional mutagenesis method is used. Thus far, only the antisense technique has been reported to obtain AOX mutants (Vanlerberghe et al. 1994 , Kitashiba et al. 1999 , Johnson-Potter et al. 2001 .
Studies with many enzymes in plant metabolism have shown that, once a desirable mutant plant is obtained, it can still be a formidable challenge to establish physiological function (Stitt and Sonnewald 1995) . One complication is that pleiotropic effects may occur. While such pleiotropic effects would, in themselves, indicate an important role for AOX, they also confound functional analyses. Another complication is that mutant plants could establish compensatory mechanisms for the loss of AOX, thus masking true AOX function and producing plants with no apparent phenotype. The full extent of such compensatory mechanisms may only be revealed if techniques capable of comprehensive analyses are performed. Such techniques might include DNA microarray analysis, proteome analysis and metabolic profiling (Millar et al. 2001b , Roessner et al. 2001 , Wu et al. 2001 ). Another approach that might prove useful to overcome complications due to pleiotropic effects or compensatory mechanisms would be the use of inducible promoters to drive AOX antisense or RNA interference transgenes. Such inducible mutants might help reveal true AOX function and might also be useful in identifying short-term mechanisms able to compensate for this function. Chemical-inducible gene expression systems for use in plants have been recently reviewed (Zuo and Chua 2000) .
Cell culture systems
Some general advantages of the use of suspension cell cultures in plant research include being able to study a relatively homogenous population of cells and the ability to carry out experimental manipulations not always possible with whole plants (Dougall 1980, Bligny and Leguay 1987) . We have found that tobacco heterotrophic cell cultures provide a useful means to examine several aspects of AOX respiration. In particular, we have generated transgenic cell cultures that lack AOX due to antisense suppression. Comparison of these cells with similarly generated wild-type cultures is providing insight into the physiological role of AOX respiration at the cell level. Current areas of interest include the role of AOX during nutrient-limited growth, the ability of AOX to dampen the mitochondrial generation of reactive oxygen species and the potential role of AOX in programmed cell death (Parsons et al. 1999 , Yip and Vanlerberghe 2001 , Robson and Vanlerberghe 2002 . Insight obtained from a relatively simple cell culture system can then be used to guide investigations at the more complex whole plant level. Further, Chlamydomonas reinhardtii may prove to be an excellent photosynthetic unicellular system to investigate AOX (Dinant et al. 2001) .
